Abstract
Introduction
Over recent decades, liver surgery for colorectal liver metastases (CLM) has evolved markedly. After preliminary reports in the 1980s, surgery became the standard of care at the end of the 20th century and is now performed whenever possible, provided that complete resection is achievable [1] [2] [3] [4] . Even patients with multiple bilobar nodules or synchronous extrahepatic disease are commonly considered for resection [5] [6] [7] [8] . Excellent results in terms of safety (mortality risk <2%) and efficacy (5-year actual survival rates of about 50%) have strongly encouraged these broader indications [9] [10] [11] [12] . At the same time, modern chemotherapy regimens and new targeted therapies have contributed to improved survival for metastatic colorectal cancer patients [13] [14] [15] . This favorable scenario led clinicians to adopt an aggressive multidisciplinary approach to CLM, including non-surgical treatments, to maximize disease control and patient survival.
New perspectives have recently opened up in the treatment of CLM. These involve the possibility of curative treatment of limited synchronous peritoneal metastases, the proposal of radioembolization, new considerations concerning liver transplantation (LT) and stereotactic body radiation therapy (SBRT), and progress in interstitial minimally invasive treatments. These five new perspectives are successively discussed in this article.
Peritoneal Carcinomatosis (PC): Still a Contraindication to Hepatectomy?
Recent studies have clearly demonstrated that limited PC can be effectively treated with cytoreductive surgery (CRS) plus hyperthermic intraperitoneal chemotherapy (HIPEC) [16, 17] . The 5-year overall survival after surgery for PC is similar to that after surgery for CLM [18] . These results led to further consideration as to whether limited PC associated with CLM is a definitive contraindication to hepatectomy. The Gustave Roussy group designed a case-control study to assess the long-term prognosis of patients with PC of colorectal origin and synchronous CLM after surgical treatment with curative intent, including complete CRS, intraperitoneal chemotherapy, and CLM resection [19] . From a prospectively maintained database, all patients with PC of a colorectal origin and synchronous CLM who were undergoing potentially curative treatment between 1993 and 2009 were manually matched to all suitable patients with isolated PC treated in the same period. The authors adopted the following matching criteria: age, peritoneal cancer index (PCI), site of the primary colorectal cancer (colon/rectum), lymph node status of the primary tumor (pN), and postopera-tive chemotherapy. Surgical treatment included CRS + HIPEC for all patients associated with liver resection for CLM. Thirty-seven patients who underwent surgery for PC with CLM were matched with 61 patients who underwent surgery for isolated PC. After a mean follow-up of 36 months, 3-year overall and disease-free survival rates were significantly lower in patients with PC and CLM than in patients with isolated PC (40% vs. 66%, p=0.04, and 6% vs. 27%, p=0.001, respectively). By using Cox regression analysis, independent predictive factors of poor overall survival were found to be a PCI ≥12 (odds-ratio [OR]=4.6), a pN+ status (OR=3.3), no adjuvant chemotherapy (OR=3.0), and the presence of synchronous CLM (OR=2.0). Median survival was 76 months for patients with PCI <12 and no CLM, but only 40 months for patients with one or two CLM (p=0.043). If PCI was ≥12 or if the number of CLM was ≥3, the median survival dropped to 27 months ( fig. 1 ). According to these data, the authors concluded that the presence of synchronous CLM predicts poor overall and disease-free survival for patients with PC of colorectal origin. However, for highly selected patients with limited peritoneal (PCI <12) and hepatic (CLM number <3) disease, aggressive surgical management is associated with a prolonged overall survival, even if cure is unlikely in most patients.
Radioembolization
Radioembolization is a radiological interventional procedure that treats liver tumors (both primary tumors and metastases) by delivering high radiation doses focally to the liver lesion while sparing the normal liver parenchyma. To perform selective irradiation of tumors, a particular β-emitter with limited penetration of tissue (yttrium 90) is loaded onto small dedicated microspheres that are injected into the liver through the hepatic artery. The loaded microspheres lodge preferentially in the microvasculature within the tumor, which is mainly fed by arterial blood flow, whereas liver parenchyma derives 70-80% of its blood flow from the portal vein. Thus, with this technique it is possible to concentrate an elevated dose focally into the tumor up to 10 times higher than the dose of the surrounding normal liver parenchyma. To successfully execute radioembolization, the following procedures are strictly required: a multidisciplinary team approach, an accurate pretreatment assessment, and complete simulation of the procedure. To avoid damage to non-target organs, collateral vessels have to be embolized before the procedure, and simulation of the embolization with a non-cytotoxic radioactive agent must be performed. Then, the volume and dose of the injection have to be planned and the treatment approach (whole liver, segmental, or selective) has to be chosen ( fig. 2) .
Radioembolization reportedly increases overall survival in comparison to standard care in patients with unresectable chemorefractory CLM. The role of radioembolization in association with the standard chemotherapy regimen as first line treatment is under evaluation [20, 21] . In the SIRFLOX trial, patients with liver-dominant or liver-only metastatic colorectal cancer were randomly assigned to receive oxaliplatin-based chemotherapy (± bevacizumab) with or without radioembolization [22] . The addition of radioembolization was associated with a significantly delayed disease progression in the liver (20.5 vs. 12.6 months, p=0.002), but not with an improvement of progression-free survival at any site. Technical advancements, such as superselective radioembolization, have been proposed as a way to overcome some remaining technical limitations of the treatment. In conclusion, even if there is still a lack in knowledge on the topic, radioembolization represents a promising novel treatment option to be considered in the multidisciplinary management of CLM. 
LT for Colorectal Metastases: Myth or Reality?
The success of LT in the treatment of primary liver tumors has led to renewed interest in its role as a treatment for secondary liver tumors [23] . Standard treatment for CLM includes a combination of chemotherapy and liver resection. Liver resectability has increased thanks to progresses in chemotherapy and parenchyma-sparing and/or staged procedures, but curative liver resection is currently applicable in only 15-20% of patients. Total hepatectomy followed by transplantation for liver-only metastatic disease is a potentially curative therapeutic option. Successful hepatic resection may result in 5-year overall survival rates of 30-40%. In a Norwegian pilot study, LT for CLM obtained 1-, 3-and 5-year overall survival rates of 96%, 70%, and 60%, respectively [24] . Parameters found to be favorable for survival were: diameter of the largest CLM <55 mm, interval >2 years between colorectal and transplant operations, pre-LT carcinoembryonic antigen level <80 ng/ml, and responsive or stable disease under chemotherapy. With aggressive surgical treatment of recurrences, 8 of 21 patients were alive 4-8 years after LT and all four with metachronous CLM were alive 5-8 years after transplantation. These results are superior to those obtained with conventional treatment in similar patients. The retrospective analysis of pulmonary micronodules at the time of LT showed that these lesions were in fact metastases. The results of this pilot LT study should be interpreted with caution because of the small number of patients, the absence of a control group, and the high rate of relapse with pulmonary metastases.
It is obvious that the limited availability of liver allografts needs careful consideration, especially when compared with the large number of patients with unresectable liver-only colorectal metastases. Using a donor liver in patients with CLM cannot be viewed as unethical nor as a waste of a valuable resource in the light of current evidence. It is important to remember in this context that up to 10% of all LTs are repeat transplants, after which 5-year overall survival reaches around 50%, a figure that seems achievable with LT in selected patients with CLM. However, the present applicability of LT for CLM is very limited, and the future applicability of LT for CLM remains to be elucidated.
LT techniques, such as the "rapid concept" combining two-stage hepatectomy, right portal vein transection, and regeneration of an auxiliary left lobe liver graft (segments 2 and 3), must be explored. This approach may be applied in split-liver (one donor liver for two recipients) or reduced-risk living-donor LT procedures. Taking recent progress in both medical and surgical liver oncology into account, the time has come for oncologists and liver surgeons to consider LT in the therapeutic algorithm of CLM.
Radiotherapy
SBRT has developed as a system for delivering a conformal high dose of radiation in a small number of fractions, and it has been used as an effective and safe ablative local therapy in cases of inoperable CLM. Most published studies enrolled patients with a good performance status, absent or stable extrahepatic disease, and fewer than five lesions with a maximum tumor size of 6 cm [25] [26] [27] [28] . Radiation doses range from 22 to 75 Gy in one to six fractions. Local control (LC) rates of 67-100% at 1 year and 55-90% at 2 years have been achieved [25] [26] [27] [28] . In most trials, LC was associated with lesion size and with higher prescription doses [26] . In a phase II study, Scorsetti et al. used an ablative prescription dose of 75 Gy in three fractions and revealed no significantly increased risk of local recurrence for lesions >3 cm [25] (fig.  3) . Median overall survival after SBRT ranges from 10 to 34 months and is associated with lesion size, metachronous presentation, and LC, as demonstrated by Hoyer et al. and Chang et al. [27, 28] . The toxicity profile of SBRT in these series was excellent, with an incidence of radiation-induced liver disease of less than 1% [25] [26] [27] [28] . The most relevant prospective SBRT series for CLM are summarized in table 1.
Currently, the selection criteria for patients with CLM who are candidates for SBRT are controversial, and a multidisciplinary board discussion is recommended. According to the current literature, liver SBRT is indicated in inoperable patients with a good performance status, number of hepatic lesions ≤3, size of lesions ≤3 cm, lesion distance from organs at risk >8 mm, adequate liver function, and a healthy liver volume >1000 cm 3 [29] . A total dose of 60 Gy in three fractions is recommended for lesions with a diameter ≤3 cm, whereas for lesions >3 cm, a higher prescription dose is necessary to obtain the same rate of LC [29] . In conclusion, SBRT is a safe, non-invasive, and effective therapeutic option for patients with inoperable CLM. To evaluate the real impact of SBRT on survival for these oligometastatic patients, the selection of patients with a favorable prognosis, comparative randomized clinical trials with other local treatments, and analysis of the associations with chemotherapy and targeted therapy are required. Radiofrequency ablation (RFA) has been used for more than 20 years for the local treatment of CLM. Accepted applications include patients inoperable because of disease extent/ distribution, local progression after resection, patients without an adequate liver reserve, or patients with co-morbidities. RFA can also be used as part of a test-of-time approach. Finally, it can be indicated as a result of patient choice. Future applications may include resectable disease, e.g., for small solitary tumors.
Given that optimal ablation requires at minimum a 1-cm ablative margin (the "safety margin"), the tumor size, number, and location are fundamental parameters to be taken into account before enrolling patients for ablation. Additional factors to be considered are the ablation technology to be employed, the imaging guidance, and intra-procedural imaging assessment. Analysis of local recurrence rates and survival shows a significant advantage for small tumors, with the most common cut-off point being 3 cm.
In recent years, studies reporting data on LC and survival rates in large case series with long-term follow-up and the introduction of new ablative methods (microwave ablation [MWA] and irreversible electroporation) have been the major advancements in ablation of hepatic CLM.
In a recent position paper [30] , an international group of experts reviewed the results of RFA for CLM in 15 research articles that included a total patient population of 1613. They showed a wide variability of LC (55-97%) and 5-year survival rates (17-51%), but they also observed a dramatic increase in the mean 5-year survival rate (50%) when ablation was applied to patients with potentially resectable disease. Tumor size and location and, consequently, the thickness of the ablative margin were the major determinants of LC rates. Based on this analysis, the group of experts produced the first published "recommendations" for ablation of CLM.
In the most recently published series, thanks to more accurate selection of lesions to be ablated and thicker periablative margins, both LC rates for metastases less than 3 cm in diameter and overall survival rates of patients have significantly increased, with rates approaching those of the best series reported for surgical interventions [31] [32] [33] [34] .
With the introduction to clinical practice of high-power MWA, a significant improvement in LC of ablated metastases larger than 2-3 cm is expected because of the potential for MWA to achieve larger and more rounded volumes of necrosis with a shorter exposure time, together with a minimization of the heat-sink effect of RFA [35, 36] . In addition, with the new IRE technique, it will likely be possible to safely ablate CLM in locations too dangerous for RFA and MWA, e.g., adjacent to bile ducts, gallbladder, duodenum, and colon, as has been initially reported in very recent papers [37] .
Conclusions
The management of metastatic colorectal cancer is becoming more aggressive and more multidisciplinary. In addition to standard approaches (resection of liver metastases and chemotherapy), new options have to be considered. Selected patients with limited synchronous peritoneal and liver disease can be scheduled for surgery with a survival benefit. LT has reinstated the possibility of surgery for some unresectable patients and, even if indications remain to be standardized, preliminary outcomes are extremely promising. Radioembolization is an additional tool for the treatment of unresectable patients, and research is under way to investigate its potential role with chemotherapy in resectable tumors. SBRT is a safe, noninvasive, and effective therapeutic option for patients with inoperable oligometastatic CLM. Finally, interstitial treatments for CLM have become more effective, with results approaching those of surgical series.
